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comp42042_c0	 actin	depolymerizing	factor	 5.36	 175	 0	
comp146897_c0	60S	ribosomal	protein	L7a-2-like	 5.31	 248	 1	
comp57808_c0	 glutathione	S-transferase	T1-like	 5.06	 253	 2	
comp45929_c0	 60S	ribosomal	protein	L15	 5.02	 241	 2	
comp143528_c0	60S	ribosomal	protein	L37	 4.84	 152	 1	
comp111802_c0	40S	ribosomal	protein	S3-2-like	 4.83	 231	 0	
comp150001_c0	60S	ribosomal	protein	L28	 4.63	 126	 1	
comp47166_c0	 60S	ribosomal	protein	L17	 4.63	 176	 2	
comp76924_c0	 nascent	polypeptide	associated	complex	α-chain	 4.60	 95	 0	
comp77070_c0	 60s	ribosomal	protein	l34-b	 4.59	 125	 1	
comp154231_c0	40S	ribosomal	protein	S15-like	 4.53	 102	 0	
comp152532_c0	40S	ribosomal	protein	S2-3-like	 4.48	 91	 0	
comp54038_c0	 60S	acidic	ribosomal	protein	P1	 4.40	 101	 1	
comp134769_c0	cytochrome	P450	82C4-like	 4.27	 105	 1	
comp73597_c0	 60S	ribosomal	protein	L18a	 4.22	 75	 0	
comp116534_c0	high-affinity	nitrate	transporter	 4.20	 1377	 52	
comp149729_c0	60S	ribosomal	protein	L6	 4.09	 66	 0	
comp132194_c0	Senescence-related	gene	1	(SRG1)	 3.97	 89	 0	
comp175709_c0	40S	ribosomal	protein	S19-1	 3.93	 66	 1	
		 36	
comp113933_c0	ABC	transporter	E	family	member	2	 3.82	 53	 0	
9	DAI	
comp125930_c1	uncharacterized	protein	 3.12	 80	 3	
comp111409_c0	actin	depolymerizing	factor	 2.70	 103	 8	
comp124459_c0	60S	ribosomal	protein	L7a-2	 2.57	 196	 15	
comp115969_c0	60s	acidic	ribosomal	protein	p2	 2.55	 95	 9	
comp109067_c0	desoxyhemigossypol-6-O-methyltransferase	 2.52	 213	 25	
comp86858_c0	 calcium-binding	EF-hand	family	 2.45	 135	 23	
comp114178_c0	alpha/beta-hydrolases	superfamily	protein	 2.43	 230	 32	
comp150815_c0	UDP-glycosyltransferase		 2.32	 70	 5	
comp121989_c0	F-box	family	protein	 2.27	 98	 21	
comp123470_c0	serine/threonine-protein	kinase	STY17-like	 2.26	 497	 66	
comp133561_c0	high-affinity	nitrate	transporter	2:1	 2.23	 84	 9	
comp116388_c0	40S	ribosomal	protein	S13	 2.20	 64	 8	
comp75377_c0	 ammonium	transporter	1,	2	 2.17	 108	 16	
comp92812_c0	 flowering-promoting	factor	1-like	 2.15	 198	 29	
comp118310_c0	60S	ribosomal	protein	L21-1	 2.13	 276	 51	
comp129671_c0	glutamate	receptor	 2.13	 4495	 960	
comp121159_c0	protein	niban	 2.11	 114	 23	
comp110481_c0	ammonium	transporter	1,	2	 2.11	 207	 46	
comp101761_c0	uncharacterized	protein	 2.10	 333	 81	
comp118531_c0	eukaryotic	translation	initiation	factor	 2.10	 483	 98	
12	DAI	
comp56797_c0	 desiccation-related	protein	PCC13-62-like	 2.89	 258	 2	
comp127724_c0	glutathione	S-transferase	 2.17	 1077	 195	
comp92812_c0	 flowering-promoting	factor	1-like	protein	 2.12	 185	 25	
		 37	
comp104553_c0	flowering-promoting	factor	1-like	protein	 2.08	 205	 27	
comp38703_c0	 peroxygenase	2	 1.84	 48	 6	
comp112332_c0	cellulose	synthase-like	protein	G2	 1.78	 585	 138	
comp91931_c0	 putative	beta-galactosidase	 1.75	 87	 10	
comp83443_c0	 uncharacterized	protein	 1.74	 345	 77	
comp101859_c0	uncharacterized	protein	 1.73	 164	 36	
comp63492_c0	 phytosulfokines	3	protein	 1.67	 228	 36	
comp114316_c0	peroxidase	10	 1.67	 907	 159	
comp123585_c0	FAD-dependent	urate	hydroxylase-like	 1.64	 580	 136	
comp102937_c0	ABC	transporter	B	family	member	15-like	 1.62	 1997	 477	
comp110390_c0	vacuolar	iron	transporter	 1.58	 72	 14	
comp121692_c0	peroxidase	superfamily	protein	 1.56	 198	 39	
comp99919_c0	 stress	induced	protein	 1.53	 272	 68	
comp127117_c0	aluminum-activated	malate	transporter	 1.51	 246	 52	
comp132597_c0	PR4	endochitinase	 1.51	 563	 135	
comp134769_c0	cytochrome	P450	82C4-like	 1.50	 301	 60	















comp130951_c0	 VDRG6/major	latex	protein	 -2.76	 20	 194	
comp109158_c0	 alcohol	dehydrogenase	A	 -2.75	 3957	 34872	
comp113469_c0	 peroxidase	66	 -2.63	 7	 84	
comp151125_c0	 probable	pectate	lyase	5	 -2.62	 2	 54	
comp127470_c0	 probable	beta-D-xylosidase	5	 -2.61	 51	 390	
comp85432_c0	 pathogenesis-related	protein	1-like	 -2.60	 124	 623	
comp64631_c0	 non-specific	lipid-transfer	protein	 -2.60	 92	 665	
comp105034_c0	
mannan	endo-1,4-beta-
mannosidase	6-like	 -2.59	 7	 75	
comp186898_c0	
temperature-induced	lipocalin-1-
like	 -2.50	 1	 42	
comp131902_c0	 beta-amylase	1	 -2.45	 15	 85	
comp105153_c0	
bidirectional	sugar	transporter	
SWEET4	 -2.45	 32	 128	
comp88048_c0	 limonoid	UDP-glucosyltransferase	 -2.29	 1	 32	
comp104850_c0	 pistil-specific	extensin	 -2.26	 23	 171	
comp124712_c0	 cellulose	synthase	 -2.24	 4	 43	
comp113465_c0	 RING-H2	finger	ATL74	 -2.22	 5	 59	
comp38296_c0	
probable	carotenoid	cleavage	
dioxygenase	4	 -2.16	 8	 59	




GNS1-like	 -2.13	 52	 335	
comp101297_c0	
invertase/pectin	methylesterase	
inhibitor	 -2.07	 20	 111	




protein	 -3.72	 9	 211	
comp126651_c0	 cytochrome	P450	94A2	 -3.46	 3	 195	
comp100257_c0	 putative	proline-rich	protein	 -3.39	 14	 302	
comp104850_c0	 pistil-specific	extensin-like	protein	 -3.22	 23	 352	
comp120518_c0	 pectinesterase-like	protein	 -3.16	 4	 91	
comp102883_c0	
ethylene-responsive	transcription	
factor	TINY	 -2.91	 3	 80	
comp127614_c0	
leucine-rich	repeat	extensin-like	
protein	2	 -2.88	 39	 484	
comp85533_c0	
ethylene-responsive	transcription	
factor	TINY	 -2.84	 3	 87	
comp121704_c0	 uncharacterized	protein	 -2.84	 0	 41	
comp103343_c0	 putative	lipid	binding	protein	 -2.74	 258	 2037	
comp108018_c0	 lipid	transfer	protein	VAS-like	 -2.73	 1	 46	
comp118272_c0	
respiratory	burst	oxidase	homolog	
D-like	 -2.71	 7	 86	
comp112133_c0	 transcription	factor	TGA4-like	 -2.66	 5	 75	
comp111890_c0	 uncharacterized	protein	 -2.65	 1036	 5819	
comp111266_c0	
ethylene-responsive	transcription	
factor	ERF020	 -2.65	 21	 211	
comp116548_c0	 osmotin/thaumatin-like	protein	 -2.63	 236	 2059	
comp112979_c0	 uncharacterized	protein	 -2.60	 49	 339	
		 40	
comp64631_c0	 non-specific	lipid-transfer	protein	 -2.58	 156	 1321	
comp124572_c0	 alpha-L-fucosidase	2	 -2.58	 29	 255	




member	 -2.76	 4	 100	
comp121369_c0	 bacterial-induced	peroxidase	 -2.49	 4	 86	
comp104850_c0	 pistil-specific	extensin-like	protein	 -2.47	 37	 420	
comp126651_c0	 cytochrome	P450	94A2	 -2.17	 1	 51	
comp151125_c0	 pectate	lyase	 -2.16	 10	 139	
comp127614_c0	 leucine-rich	repeat	extensin	2	 -2.16	 57	 486	
comp120518_c0	 pectinesterase-like	protein	 -2.10	 6	 70	
comp64631_c0	 non-specific	lipid-transfer	protein	 -2.09	 203	 1115	
comp116591_c0	
probable	auxin	efflux	carrier	
component	 -1.83	 44	 205	
comp124777_c0	 zinc	finger	protein	MAGPIE-like	 -1.83	 47	 232	
comp113485_c0	 non-specific	lipid-transfer	protein	 -1.82	 370	 1741	
comp94679_c0	 non-specific	lipid-transfer	protein		 -1.76	 619	 2955	
comp116548_c0	 osmotin/thaumatin-like	protein	 -1.72	 608	 2365	
comp111791_c0	 lysine	histidine	transporter		 -1.68	 17	 92	
comp122043_c0	 aquaporin	gamma	TIP	 -1.66	 63	 286	
comp111890_c0	 uncharacterized	protein	 -1.64	 612	 3318	
comp101941_c0	 hybrid	proline-rich	protein	 -1.62	 38	 218	
comp97650_c0	 germin	protein	 -1.62	 24	 134	
comp104218_c0	 EXORDIUM-like	2/	phi1	 -1.62	 4	 57	
comp96856_c0	
ASPARTIC	PROTEASE	IN	GUARD	














Log2FC	 Infected	 Control	 Log2FC	 Infected	 Control	 Log2FC	 Infected	 	Control	
comp134769_c0	 cytochrome	P450	82C4-like	 4.27	 105	 1	 1.78	 992	 206	 1.50	 301	 60	
comp102937_c0	
ABC	transporter	B	family	member	
15-like	 3.32	 493	 36	 1.63	 4478	 1069	 1.62	 1997	 477	
comp127724_c0	 glutathione	S-transferase	tau	19	 2.25	 368	 37	 1.80	 1474	 266	 2.17	 1077	 195	
comp125298_c0	 uncharacterized	DUF1645	protein	 2.09	 7401	 1240	 1.49	 3462	 1378	 1.22	 2248	 807	
comp94679_c0	
non-specific	lipid-transfer	protein	
2-like	 -1.84	 336	 1319	 -2.23	 309	 2360	 -1.76	 619	 2955	
comp113485_c0	 non-specific	lipid-transfer	protein	 -1.88	 262	 1115	 -2.18	 273	 1683	 -1.82	 370	 1741	
comp104850_c0	
pistil-specific	extensin-like	
protein	 -2.26	 23	 171	 -3.22	 23	 352	 -2.47	 37	 420	
comp105153_c0	
bidirectional	sugar	transporter	
SWEET4	 -2.45	 32	 128	 -1.99	 30	 176	 -1.40	 76	 271	
comp64631_c0	
non-specific	lipid-transfer	protein	





Gene	set	 Description	 Type	 NES	 p-adj	
GO:0010200	 response	to	chitin	 BP	 2.39	 0	
GO:0004872	 receptor	activity	 MF	 2.35	 0	
GO:0002679	 respiratory	burst	involved	in	defense	response	 BP	 2.33	 0	
GO:0006862	 nucleotide	transport	 BP	 2.3	 0	
GO:0043269	 regulation	of	ion	transport	 BP	 2.27	 0	
GO:0015706	 nitrate	transport	 BP	 2.24	 0	
GO:0015802	 basic	amino	acid	transport	 BP	 2.22	 0	
GO:0015696	 ammonium	transport	 BP	 2.14	 0	
GO:0009738	 abscisic	acid-activated	signaling	pathway	 BP	 2.09	 0	
GO:0043069	 negative	regulation	of	programmed	cell	death	 BP	 2.09	 0	
GO:0015824	 proline	transport	 BP	 2.06	 0	
GO:0009627	 systemic	acquired	resistance	 BP	 2.03	 0.01	
GO:0030968	 endoplasmic	reticulum	unfolded	protein	response	 BP	 2.03	 0.01	
GO:0020037	 heme	binding	 MF	 2.01	 0.01	
GO:0010363	 regulation	of	plant-type	hypersensitive	response	 BP	 2	 0.01	
GO:0008299	 isoprenoid	biosynthetic	process	 BP	 1.98	 0.01	
GO:0043090	 amino	acid	import	 BP	 1.96	 0.01	
GO:0009863	 salicylic	acid	mediated	signaling	pathway	 BP	 1.96	 0.01	
EC:3.6.3.28	 phosphonate-transporting	ATPase	 EC	 1.96	 0.01	
GO:0010167	 response	to	nitrate	 BP	 1.95	 0.01	
9	DAI	
GO:0016705	 oxidoreductase	activity,	acting	on	paired	donors,	with	incorporation	or	reduction	of	molecular	oxygen	 MF	 2.52	 0	
GO:0015706	 nitrate	transport	 BP	 2.36	 0	
GO:0020037	 heme	binding	 MF	 2.31	 0	
GO:0004497	 monooxygenase	activity	 MF	 2.29	 0	
GO:0010167	 response	to	nitrate	 BP	 2.28	 0	
GO:0010106	 cellular	response	to	iron	ion	starvation	 BP	 2.07	 0	
		 44	
GO:0004872	 receptor	activity	 MF	 2.06	 0	
GO:0009697	 salicylic	acid	biosynthetic	process	 BP	 1.98	 0.01	
GO:0010260		 animal	organ	senescence	 BP	 1.96	 0.02	
GO:0005506	 iron	ion	binding	 MF	 1.95	 0.02	
GO:0006826	 iron	ion	transport	 BP	 1.93	 0.02	














GO:0010106	 cellular	response	to	iron	ion	starvation	 BP	 2.25	 0	
GO:0015706	 nitrate	transport	 BP	 2.04	 0.02	
GO:0010033	 response	to	organic	substance	 BP	 2.04	 0.02	
GO:0010167	 response	to	nitrate	 BP	 1.98	 0.02	
GO:0006826	 iron	ion	transport	 BP	 1.93	 0.04	















Gene	set	 Description	 Type	 NES	 p-adj	
GO:0009664	 plant-type	cell	wall	organization	 BP	 -2.42	 0.00	
GO:0010014	 meristem	initiation	 BP	 -2.41	 0.00	
GO:0009834	 plant-type	secondary	cell	wall	biogenesis	 BP	 -2.39	 0.00	
GO:0009855	 determination	of	bilateral	symmetry	 BP	 -2.35	 0.00	
GO:0010075	 regulation	of	meristem	growth	 BP	 -2.30	 0.00	
GO:0008017	 microtubule	binding	 MF	 -2.29	 0.00	
GO:0010089	 xylem	development	 BP	 -2.28	 0.00	
GO:0048451	 petal	formation	 BP	 -2.26	 0.00	
GO:0010413	 glucuronoxylan	metabolic	process	 BP	 -2.26	 0.00	
GO:0048453	 sepal	formation	 BP	 -2.26	 0.00	
GO:0045492	 xylan	biosynthetic	process	 BP	 -2.25	 0.00	
GO:0007018	 microtubule-based	movement	 BP	 -2.24	 0.00	
GO:0005871	 kinesin	complex	 CC	 -2.15	 0.00	
GO:0010103	 stomatal	complex	morphogenesis	 BP	 -2.13	 0.00	
GO:0010020	 chloroplast	fission	 BP	 -2.12	 0.00	
GO:0003777	 microtubule	motor	activity	 MF	 -2.10	 0.00	
GO:0009501	 amyloplast	 CC	 -2.08	 0.00	
GO:0009944	 polarity	specification	of	adaxial/abaxial	axis	 BP	 -2.06	 0.00	
GO:0010027	 thylakoid	membrane	organization	 BP	 -2.05	 0.00	
GO:0051567	 histone	H3-K9	methylation	 BP	 -2.04	 0.00	
		 46	
9	DAI	
GO:0000911	 cytokinesis	by	cell	plate	formation	 BP	 -2.92	 0.00	
GO:0008017	 microtubule	binding	 MF	 -2.90	 0.00	
GO:0007018	 microtubule-based	movement	 BP	 -2.83	 0.00	
GO:0005871	 kinesin	complex	 CC	 -2.72	 0.00	
GO:0006270	 DNA	replication	initiation	 BP	 -2.69	 0.00	
GO:0003777	 microtubule	motor	activity	 MF	 -2.66	 0.00	
GO:0010389	 regulation	of	G2/M	transition	of	mitotic	cell	cycle	 BP	 -2.65	 0.00	
GO:0051567	 histone	H3-K9	methylation	 BP	 -2.63	 0.00	
GO:0006275	 regulation	of	DNA	replication	 BP	 -2.58	 0.00	
GO:0000226	 microtubule	cytoskeleton	organization	 BP	 -2.58	 0.00	
GO:0006306	 DNA	methylation	 BP	 -2.57	 0.00	
GO:0006342	 chromatin	silencing	 BP	 -2.56	 0.00	
GO:0016572	 histone	phosphorylation	 BP	 -2.53	 0.00	
GO:0008283	 cell	proliferation	 BP	 -2.51	 0.00	
GO:0010075	 regulation	of	meristem	growth	 BP	 -2.47	 0.00	
GO:0005874	 microtubule	 CC	 -2.47	 0.00	
GO:0051225	 spindle	assembly	 BP	 -2.46	 0.00	
GO:0009505	 plant-type	cell	wall	 CC	 -2.44	 0.00	
GO:0031048	 chromatin	silencing	by	small	RNA	 BP	 -2.44	 0.00	
GO:0006084	 acetyl-CoA	metabolic	process	 BP	 -2.41	 0.00	
12	DAI	
GO:0009505	 plant-type	cell	wall	 CC	 -2.80	 0.00	
GO:0000911	 cytokinesis	by	cell	plate	formation	 BP	 -2.66	 0.00	
GO:0046658	 anchored	component	of	plasma	membrane	 CC	 -2.65	 0.00	
		 47	
GO:0051567	 histone	H3-K9	methylation	 BP	 -2.53	 0.00	
GO:0008017	 microtubule	binding	 MF	 -2.46	 0.00	
GO:0007018	 microtubule-based	movement	 BP	 -2.45	 0.00	
GO:0010389	 regulation	of	G2/M	transition	of	mitotic	cell	cycle	 BP	 -2.43	 0.00	
GO:0009664	 plant-type	cell	wall	organization	 BP	 -2.42	 0.00	
GO:0009834	 plant-type	secondary	cell	wall	biogenesis	 BP	 -2.40	 0.00	
GO:0009832	 plant-type	cell	wall	biogenesis	 BP	 -2.36	 0.00	
GO:0005871	 kinesin	complex	 CC	 -2.36	 0.00	
GO:0006270	 DNA	replication	initiation	 BP	 -2.35	 0.00	
GO:0000226	 microtubule	cytoskeleton	organization	 BP	 -2.32	 0.00	
GO:0016572	 histone	phosphorylation	 BP	 -2.28	 0.00	
GO:0006084	 acetyl-CoA	metabolic	process	 BP	 -2.26	 0.00	
GO:0051225	 spindle	assembly	 BP	 -2.25	 0.00	
GO:0003777	 microtubule	motor	activity	 MF	 -2.25	 0.00	
EC:3.2.1.23	 β-galactosidase	 EC	 -2.24	 0.00	
GO:0005874	 microtubule	 CC	 -2.24	 0.00	

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































	 	 Fixed	effects	and	interaction	 Random	effects	and	interaction	
Split	root	system	
CONDITION	(Infected	versus	
uninfected);	DATE	(Time	
points:	3,	9,	and	12	DAI	for	
split	root	system;	0,	3,	6,	9,	
and	12	DAI	for	intact	root	
systems);	and	Interaction	
between	fixed	effects	from	
condition	and	date	
(CONDITION*DATE)	
Random	effect	from	plants	nested	within	
date	(PLANT[DATE]&Random);	
Interaction	of	random	effect	from	plants	
nested	within	date	and	fixed	effect	from	
condition	(PLANT[DATE]*CONDITION	
&Random)	
Germination	
pouch	
Random	effect	from	plants	nested	within	
condition	(PLANT[CONDITION]);	
Interaction	of	random	effect	from	plants	
nested	within	condition	and	fixed	effect	
from	date	
(PLANT[CONDITION]*DATE&Random)	
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Figure	2.1	Cotton	plant	cultures.	(A)	Plants	cultured	in	split	root	system	with	the	help	of	Y-shape	
tube.	(B)	Plants	cultured	in	germination	pouch	system.	Infected	roots	received	3000	reniform	
nematodes/plant	according	to	methods.	Uninfected	roots	received	an	equal	volume	of	tap	
water	as	control.	
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Figure	2.2	Histopathological	section	of	reniform	nematode	penetration	and	syncytium	
formation.	A.	Penetrating	vermiform	female	nematode	in	root	cortex	at	3	DAI.	B.	Developing	
syncytium	with	areas	of	cell	wall	lysis	visible	between	pericycle	cells	at	9	DAI.	C.	Fully	mature	
syncytium	with	interconnected	cytoplasm,	numerous	vacuoles,	and	an	increased	number	and	
size	of	organelles	at	12	DAI.	D.	An	emerging	lateral	root	was	captured	between	two	mature	
nematode	females.	Ne:	Reniform	nematode.	SC:	Syncytial	cells.	P:	Pericycle	
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Figure	2.3	Number	of	overlapping	differentially	expressed	(DE)	cotton	root	system	
architecture	(RSA)	genes.		Venn	diagram	displays	date-specific	up-regulated	(A)	and	down-
regulated	(B)	DE	RSA	genes	(FDR<0.05).	The	circle	area	is	proportional	to	the	number	of	DE	
genes	at	each	time	point.	Data	of	3,	9	and	12	DAI	were	in	yellow,	light	blue,	and	dark	blue,	
respectively.	DAI:	days	after	inoculation.	
		104	
	
	
	
	
Figure	2.4	Root	system	architecture	(RSA)	gene	set	enrichment.	Bar	displays	normalized	
enrichment	score	(NES)	of	RSA	gene	sets	in	infected	cotton	roots.	Positive	and	negative	NES	
indicate	enrichment	and	depletion.	Black	indicates	significance	(FDR<0.05).	
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Figure	2.5	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
auxin	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	A.	Auxin	
metabolism.	B.	Auxin	transport.	C.	Flanovol-associated	genes.	D.	Ubiquitination-associated	
genes.	E.	Other	auxin	signaling-associated	genes.	Red	and	blue	indicate	up-	and	down-regulation	
in	infected	root	tissues,	respectively.	Asterisks	indicate	significant	differences	in	expression	
(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	transcriptome	are	given	in	
parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
		106	
	
	
	
	
Figure	2.6	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
calcium	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	Red	and	
blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	Asterisks	indicate	
significant	differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	
transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	2.7	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
other	plant	hormones	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
A.	Abscisic	acid-associated	genes.	B.	Gibberellin-associated	genes.	C.	Brassinosteroid-associated	
genes.	D.	Ethylene-associated	genes.	E.	Cytokinin-associated	gene.	Asterisks	indicate	significant	
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differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	
transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	2.8	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
root	morphogenesis	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	
the	assembled	transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	
Log2FoldChange.	
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Figure	2.9	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
nitrogen	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	Red	and	
blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	Asterisks	indicate	
significant	differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	
transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	2.10	Architecture	assessments	of	split	root	system.	Dash,	and	solid	lines	indicate	
infected,	and	uninfected	roots,	respectively.	Steroid	indicates	significant	(p<0.05).	
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Figure	2.11	Architecture	assessments	of	germination	pouch	culture	system.	Dash,	and	solid	
lines	indicate	infected,	and	uninfected	roots,	respectively.	Steroid	indicates	significant	(p<0.05).		
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Figure	2.12	Comparison	between	lateral	root	development	and	syncytium	formation	in	cotton	
roots.	Both	lateral	root	(LR)	development	and	syncytium	formation	have	three	distinct	stages.	
Auxin	promotes	all	stages	during	LR	formation,	while	other	plant	hormones	either	promotes,	or	
inhibits	auxin	effects	on	LR	development.	During	reniform	nematode	parasitism,	auxin	acropetal	
transport	and	signaling,	as	well	as	abscisic	acid	and	ethylene	pathways,	were	promoted	at	
initiation	stage	to	accumulate	auxin	around	nematode	infection	site.	Auxin	diffusion	was	
potentially	promoted,	while	auxin	polar	transport,	especially	auxin	efflux,	was	repressed	to	
dissipate	accumulated	auxin	into	surrounding	cells.	As	a	result,	auxin	gradient	was	built	up	near	
the	nematode	infection	site,	resulting	in	more	branches.		
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CHAPTER	THREE	
MODIFICATIONS	OF	CELL	WALL	COMPONENTS	INDUCED	BY	RENIFORM	NEMATODE	
(ROTYLENCHULUS	RENIFORMIS)	IN	UPLAND	COTTON	(GOSSYPIUM	HIRSUTUM)	ROOTS	
ABSTRACT	
Parasitism	of	reniform	nematode	(Rotylenchulus	reniformis)	on	host	plants	
induces	the	formation	of	a	permanent	feeding	structure,	the	syncytium.	Syncytia	are	
characterized	as	regions	of	hypertrophic,	interconnected	pericycle	cells	with	partially	
lysed	cell	walls	and	disorganized	cytoplasm	in	upland	cotton	(Gossypium	hirsutum)	
roots.	Analyses	of	cotton	root	transcriptomes	identified	47	differentially	expressed	
genes	and	30	enriched	or	depleted	gene	sets	associated	with	cell	wall	biosynthesis,	
modification,	and	degradation	(FDR=0.05).	In	current	study,	we	used	monoclonal	
antibodies	to	investigate	potential	modifications	of	cell	wall	components	in	reniform	
nematode-infected	cotton	roots.	Fluorescence	imaging	revealed	that	the	cell	walls	of	
reniform	nematode-induced	syncytium	contain	no	xylan,	low	hemicellulose	xyloglucan,	
but	abundant	highly	methyl-esterified	pectic	homogalacturonan.	Strong	fluorescence	of	
xyloglucan	overlapped	with	weak	fluorescence	of	highly	methyl-esterified	pectic	
homogalacturonan,	suggesting	that,	in	reniform	nematode-induced	syncytia,	pectate	
cross-links,	instead	of	cellulose-xyloglucan	network,	possibly	play	a	more	important	role	
in	load-bearing.	
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INTRODUCTION	
Parasitism	of	sedentary	endoparasitic	nematodes	induces	the	formation	of	
specialized	feeding	structures	within	their	host	roots.	Feeding	sites	established	by	root-
knot	nematodes	(Meloidogyne	spp.,	RKNs)	and	cyst	nematodes	(Heterodera	and	
Globodera,	CNs)	are	giant	cells	and	syncytia,	respectively.	Reniform	nematode	
(Rotylenchulus	reniformis,	RN),	as	a	sedentary	semi-endoparasitic	pathogen,	can	also	
establish	syncytium	composed	of	endodermal	and	pericycle	cells	in	host	roots.	Infective	
immature	female	penetrates	the	root	cortex	intracellularly	to	the	vascular	cylinder,	
inserts	its	stylet	into	an	initial	syncytial	cell	in	endodermis,	and	incorporates	neighboring	
pericycle	cells	into	the	syncytium	through	cell	wall	dissolution	and	cytoplasmic	
coalescence	(Agudelo	et	al.,	2005;	Rebois	et	al.,	1975;	Wubben	et	al.,	2010a).	To	
incorporate	adjacent	protoplasts	from	neighboring	cells,	the	cell	wall	and	middle	lamella	
are	digested,	and	the	plasma	membranes	are	fused	(Sobczak	and	Golinowski,	2009).	In	
CN-induced	syncytia,	cell	wall	openings	result	from	widening	of	pre-existing	
plasmodesmata,	followed	by	local	dissolutions	of	plant	cell	wall	after	syncytium	has	
become	established	(Davies	et	al.,	2012;	Grundler	et	al.,	1998).	In	nematode	sedentary	
stage,	a	functioning	syncytium	also	serves	as	a	nutrient	sink:	metabolically	highly	active	
was	observed	in	CN-induced	syncytia,	assisted	by	prominent	plastids,	mitochondria,	
proliferated	endoplasmic	reticulum	and	other	organelles	(Bohlmann	and	Sobczak,	2014).	
As	a	result,	both	giant	cells	and	syncytia	needs	to	loosen	cell	walls	to	allow	the	turgor	
driven	enlargement	(Sobczak	et	al.,	2011).	Pressure	probe	measurements	of	CN-induced	
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syncytia	in	Arabidopsis	roots	reached	0.9	MPa	as	compared	to	0.4MPa	in	root	
parenchyma	cells	(Sobczak	et	al.,	2011).	To	withstand	such	a	high	turgor	pressure,	cell	
walls	in	nematode	feeding	structures	require	both	flexibility	and	stiffness	(Davies	et	al.,	
2012).	
In	growing	plant	tissues,	each	cell	is	covered	by	its	own	cell	wall	and	connected	
to	neighboring	cells	by	pectic	middle	lamella	(Wieczorek,	2015).	The	primary	cell	wall	is	
predominantly	composed	of	different	polysaccharides:	cellulose	(crystalline	microfibils	
of	beta-1,4-linked	glucan),	hemicelluloses	(xyloglucan	predominantly,	glucuronoxylan,	
arabinoxylan,	glucomannan,	and	galactomannan),	and	pectin	(homogalacturonan	(HG),	
rhamnogalaturonan	(RG)	and	substituted	galacturonans)	(Carpita	and	Gibeaut,	1993;	
Cosgrove,	2005;	Harholt	et	al.,	2010;	Scheller	and	Ulvskov,	2010).	After	cell	growth	has	
ceased,	secondary	cell	wall	formed	by	the	deposition	of	other	polymers	such	as	lignins	
(Boudet	et	al.,	2003).	In	situ	fluorescence	imaging	using	monoclonal	antibodies	profiled	
the	cell	wall	molecular	architecture	in	functioning	syncytia	formed	by	soybean	CN	(H.	
schachtii)	in	Arabidopsis:	presence	of	cellulose,	xyloglucan,	heteromannan,	methyl-
esterified	pectic	HG,	and	pectic	arabinan	was	detected,	while	xylan	was	not	(Davies	et	
al.,	2012).	Recently,	another	research	comparing	cell	wall	composition	among	syncytia	
induced	by	various	CN	species	was	performed	to	discuss	the	conservity	and	specificity	in	
host-parasite	interactions	(Zhang	et	al.,	2017).	Formation	of	specialized	cell	wall	
architecture	in	nematode	induced	syncytium	appears	to	require	both	nematode	
secretions	and	manipulation	of	plant	genes	and	enzymes	to	modify	both	cell	wall	and	
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middle	lamella	(Bohlmann	and	Sobczak,	2014;	Davies	et	al.,	2012;	Ithal	et	al.,	2007;	
Szakasits	et	al.,	2009).	Cell-wall	degrading	genes	and	effectors,	including	pectate	lyase,	
cellulose	binding	protein,	and	various	beta-1,4-endoglucanases,	have	been	identified	by	
isolating	and	sequencing	the	whole	esophageal	gland	cells	of	golden	potato	CN	(G.	
rostochiensis)	(Maier	et	al.,	2012).	On	the	other	hand,	differentially	expressed	(DE)	plant	
cell	wall	genes,	including	cellulose	synthases	(Hudson,	2009),	xyloglucan	
transglycosylases	(Ithal	et	al.,	2007),	xyloglucan	endotransglycosylases	(Szakasits	et	al.,	
2009),	pectin	methylesterases	(Puthoff	et	al.,	2003),	pectate	lyases	(Szakasits	et	al.,	
2009),	expansins	(Wieczorek	et	al.,	2006),	and	extensins	(Niebel	et	al.,	1993),	were	
widely	studied	in	both	RKN-induced	giant	cells	and	CN-induced	syncytia.	From	migratory	
to	sedentary	stage,	nematodes	require	to	manipulate	host	plant	genes	associated	with	
cell	wall	degradation,	modification	and	even	biosynthesis	(Davies	et	al.,	2012;	Fudali	et	
al.,	2008;	Hudson,	2009;	Tucker	et	al.,	2007;	Wieczorek	et	al.,	2006).	Though	
transcriptome	analysis	has	revealed	involvements	or	significance	of	plant	and	nematode	
genes,	the	precise	mechanisms	of	plant	cell	wall	modification	during	nematode	
parasitism	are	still	largely	unknown.		
Genomic	data	for	RN	is	in	its	infancy	with	very	few	genes	involved	in	plant	cell	
wall	modification	reported:	a	RN	beta-1,4-endoglucanase	gene	(Rr-eng-1)	has	been	
identified	and	characterized	in	2010	(Wubben	et	al.,	2010b);	expressed	sequence	tag	
(EST)	results	revealed	14	genes	critical	for	plant	cell	wall	modification	(Nyaku	et	al.,	
2013).	In	this	study,	we	reported	differentially	expressed	genes	and	significantly	
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enriched	or	depleted	gene	sets	associated	with	cell	wall	modifications	in	reniform	
nematode-infected	upland	cotton	roots.	We	also	used	a	set	of	monoclonal	antibodies	to	
investigate	how	cell	wall	components	were	modified	during	RN	parasitism	on	cotton	
roots.	Potential	special	manipulations	of	plant	cell	wall	genes	carried	by	reniform	
nematode	were	discussed	based	on	transcriptomic	data	and	fluorescence	imaging	
results.	
MATERIALS	AND	METHODS	
Transcriptome	sequencing,	assembly,	and	analyses	
RN	suspension	was	prepared	by	centrifugal	sugar	flotation	from	infested	cotton	
field	soil	collected	in	St.	Matthews,	SC.	Roots	of	Gossypium	hirsutum	cv.	Deltapine	50	
from	split	root	system	were	harvested	at	3,	9	and	12	days	after	inoculation	(DAI).	Tissue	
was	preserved	in	RNAlater	(QIAGEN,	Valencia,	CA)	and	sequenced	in	University	of	
Arizona	Genetics	Core	(Tucson,	AZ).	Paired-end	read	quality	was	assessed	with	FastQC	
v.0.11.3	(Andrews),	followed	by	adaptor	trimming	with	Trimmomatic	(Bolger	et	al.,	
2014)	and	content-dependent	quality	trimming	with	ConDeTri	(Smeds	and	Künstner,	
2011).	Trimmed	and	filtered	reads	from	all	samples	were	combined	for	de	novo	
transcriptome	assembly	on	the	Palmetto	high	performance	computing	cluster	at	
Clemson	University	using	the	Trinity	v.2.0.6	pipeline	with	default	parameters	(Grabherr	
et	al.,	2011;	Haas	et	al.,	2013).	At	the	time	this	work	was	performed,	there	was	no	
publically-available	cotton	genome.	Assembled	transcripts	were	annotated	with	
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Blast2GO	(Conesa,	et	al.,	2005),	which	executes	a	BLASTx	search	against	the	NCBI	
nonredundant	(nr)	database	and	assigns	gene	ontology	(GO)	terms,	Interpro	IDs,	
enzyme	codes	and	Kegg	pathways	to	sequences	with	at	least	one	significant	BLASTx	hit	
(E<1.0e-6).	
Gene	expression	was	quantified	by	mapping	reads	from	individual	RNA	samples	
back	to	the	cotton	protein-coding	transcriptome	using	RSEM	(Li	and	Dewey,	2011).	
Genes	with	uniform	low	expression	(fewer	than	ten	mapped	reads	in	12	or	more	
samples)	were	filtered,	and	count	data	from	the	remaining	genes	were	imported	to	
DESeq2	for	differential	expression	analysis	using	default	parameters	(Love	et	al.,	2014b).	
Data	were	then	analyzed	separately	by	date	to	identify	genes	differentially	expressed	
(DE)	between	infected	and	uninfected	roots	(False	discovery	rate,	FDR=0.05).		
In	parallel	with	the	identification	of	individual	DE	genes,	Gene	set	enrichment	
analysis	(GSEA)	was	performed	to	identify	pre-defined	gene	sets	whose	expression	
differed	between	infected	and	uninfected	roots	on	each	date.	GSEA	v.2.1.0	was	also	
performed	to	identify	pre-defined	gene	sets	that	showed	significant,	concordant	
differences	in	expression	between	infected	and	uninfected	roots	on	each	date	
(Subramanian	et	al.,	2005).	Gene	sets	whose	expression	was	enriched	or	depleted	in	
infected	roots	were	identified	using	FDR=0.05.		
Procedures	for	in	situ	cell	wall	analysis	
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At	12	DAI,	infected	roots	were	harvested,	fixed,	embedded,	sectioned	and	
immunolabeled	following	a	described	protocol	by	Davies	et	al.,	2012	with	few	
modifications	(Davies	et	al.,	2012).	Briefly,	cleaned	roots	were	fixed	overnight	in	2.5%	
glutaraldehyde	at	4	°C.	After	three	rinses	in	1	X	phosphate-buffer	saline	(PBS),	samples	
were	dehydrated	in	a	graded	ethanol	series,	infiltrated	with	a	LR	White	acrylic	resin	
series,	and	finally	embedded	in	100%	LR	White	acrylic	resin	(Medium	grade	kit,	VWR	
International).	Transverse	sections	(5μM)	were	collected	in	a	sequential	manner.	
Rat	monoclonal	antibodies	LM11,	LM15,	LM19,	and	LM20	were	used	to	bind	
xylan	(McCartney	et	al.,	2005),	XXXG	motif	of	xyloglucan	(Marcus	et	al.,	2008),	low/non	
methyl-esterified	HG,	and	highly	methyl-esterified	HG	(Verhertbruggen	et	al.,	2009),	
respectively.	Sections	were	rinsed	with	PBS,	blocked	for	30	min,	and	incubated	in	20-
fold	diluted	LM11	and	LM19,	or	50-fold	diluted	LM20	for	overnight.	After	three	washes	
in	PBS,	sections	were	incubated	with	Alexa	Fluor	488	secondary	antibody	(Goat	anti-Rat	
IgG	(H+L)	Crossed	Adsorbed	Secondary	Antibody,	Thermo	Fisher	Scientific	Inc.)	diluted	
200-fold	in	milk	protein	in	PBS	(MP/PBS)	for	1.5	h	in	the	dark.	Then	all	sections	were	
washed	in	PBS	for	three	times,	incubated	in	1	mg/ml	Calcofluor	(Sigma-Aldrich),	and	
another	6	times	of	PBS	washes	in	the	dark.	Another	5	min	incubation	using	0.1%	
Toluidine	Blue	O	was	performed	after	immunolabeling	to	eliminate	background	auto	
fluorescence.	Excess	dye	was	washed	off	with	PBS.		
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To	unmask	LM19	piectic	HG	epitopes,	sections	were	incubated	in	0.1	M	sodium	
carbonate	(pH	11.4)	for	2	h	at	room	temperatures	to	remove	methyl	esters.	For	
unmasking	of	LM15	xyloglucan,	pectic	HG	was	then	enzymatically	degraded	with	
pectate	lyase	(Aspergillus	sp.;	Megazyme	International,	Ireland)	at	25	μg/ml	in	50	mM	
CAPS	buffer	with	1	mM	CaCl2	(pH	10)	for	4	h	at	room	temperature.	Following	three	
washes	in	deionized	water,	antibody	immunolabeling	was	performed,	as	described	
above.		
All	sections	were	mounted	in	glycerol-based	Citifluor	AF1	antifade	(Agar	
Scientific).	Samples	were	examined	on	Leica	SPE	Confocal	microscope	using	a	40X	
objective	(N.A.	=	1.15)	and	Leica	Application	Suite	X	software	(Leica	Microsystems,	
Buffalo	Grove,	IL).	Autofluorescence	was	collected	using	excitation/emission	
wavelengths	of	405	nm/410-460	nm,	and	is	presented	in	blue.	Fluorescence	from	the	
Alexa	Fluor	488	secondary	antibody	staining	was	collected	using	excitation/emission	
wavelengths	of	488	nm/500-570	nm,	and	is	presented	in	green.		
Fluorescence	intensity	measurements	were	performed	in	ImageJ.	Six	to	eight	
cells	were	randomly	selected	and	measured	for	the	walls	of	major	host	root	cell	types	in	
the	center	stele,	including	xylem,	phloem	elements,	and	pericycle	(unmodified	and	
syncytial	cells).	For	LM19	and	LM20	antibodies,	the	mean	fluorescence	intensity	for	each	
cell	type	was	compared	by	one-way	ANOVA	and	significant	differences	between	
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syncytial	walls	and	those	of	other	cells	were	determined	following	Tukey’s	multiple	
comparisons	in	JMP®	Pro	12.2.0.	
RESULTS	
While	DESeq2	identifies	individual	genes	with	large,	significant	fold	changes,	
gene	set	enrichment	analysis	(GSEA)	identifies	gene	sets	whose	members	show	
concordant,	but	potentially	smaller,	changes	in	expression	between	infected	versus	
uninfected	roots.	Overall,	at	least	one	sampling	date,	458	genes	were	differentially	
expressed	(DE),	and	233	pre-defined	gene	sets	were	significantly	enriched	or	depleted	in	
RN-infected	cotton	roots	(FDR=0.05).	Expression	data	for	all	genes	on	all	dates	are	
provided	in	Additional	File	4.	Normalized	enrichment	scores	for	all	gene	sets	on	all	dates	
are	provided	in	Additional	File	5.	
Cell	wall-associated	gene	sets	(Figure	3.1)	
In	total,	30	gene	sets	were	potentially	associated	with	cell	wall	biosynthesis,	
modification,	and	degradation.	Among	those,	only	one	gene	set,	defense	response	by	
callose	deposition	(GO:0052542),	was	significantly	enriched	at	3	DAI.	However,	the	
other	callose	deposition	gene	set,	GO:0052543,	was	significantly	depleted	at	9	DAI.	
Callose	deposition	was	proposed	as	a	frequent	mechanism	of	plant	defense	against	
various	pathogens,	including	plant	parasitic	nematodes	(Hammond-Kosack	and	Jones,	
1996).	Induction	of	callose	deposition	was	detected	in	Arabidopsis	with	overexpression	
of	calreticulin,	a	RKN	effector	(Jaouannet	et	al.,	2013).	Enhanced	resistance	against	the	
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beet	CN	in	Arabidopsis	was	associated	with	enhanced	callose	deposition	in	syncytia	
induced	by	overexpression	of	an	ethylene	response	transcription	factor	(Ali	et	al.,	2013).	
The	transaction	from	enrichment	to	depletion	indicated	the	suppression	of	plant	
defense	against	RN	in	cotton	roots,	possibly	through	reduced	callose	deposition.		
The	other	28	cell	wall	gene	sets	were	all	significantly	depleted	on	at	least	one	
sampling	date.	Six	gene	sets,	including	two	cell	wall	organization	gene	sets	(GO:0071555	
and	GO:0009664),	two	cell	wall	biogenesis	gene	sets	(GO:0009834	and	GO:0009832),	
and	two	polygalacturonase	gene	sets	(GO:0004650	and	EC:3.2.1.15),	were	consistently	
depleted	across	the	time	course.	Polygalacturonase	(EC:3.2.1.15),	also	known	as	pectin	
deploymerase,	randomly	hydrolyzes	(1→4)-alpha-D-galactosiduronic	linkages	in	pectate	
and	other	galacturonans,	indicating	the	consistent	manipulation	of	pectic	components	
in	RN-infected	cotton	root	cell	wall.	At	3	DAI,	three	lignin-associated	gene	sets	
(GO:0009809,	GO:0046274,	and	EC:1.10.3.2),	and	two	xylan-associated	gene	sets	
(GO:0010413	and	GO:0045492)	were	initially	depleted.	Lignin	is	an	abundant	natural	
polymer	in	plant	secondary	cell	wall,	making	plant	cell	walls	less	vulnerable	to	attack	by	
pathogens.	During	lignin	metabolism,	the	cinnamyl	alcohol	dehydrogenase	(CAD)	is	the	
key	enzyme	in	biosynthesis	of	the	lignin	monomers,	and	laccase	is	thought	to	function	in	
the	lignin	polymerization	(Barakat	et	al.,	2009;	Sharma	and	Kuhad,	2010).	The	
involvement	of	lignin	modification	was	also	indicated	by	the	initial	up-regulation	of	CAD	
family	protein	(comp122189)	at	3	and	9	DAI	and	down-regulation	of	a	laccase-4	
(comp125453)	at	9	DAI,	respectively	(Figure	3.2).	Xylan	accounts	for	up	to	30%	of	the	
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mass	of	the	secondary	walls	in	plants.	Its	biosynthetic	gene	set	(GO:0045492)	was	also	
depleted	as	early	as	3	DAI.	Depletion	of	lignin-	and	xylan-associated	gene	sets	agreed	to	
the	reduced	plant	type	secondary	cell	wall	biogenesis	(GO:0009834),	agreeing	to	the	
absence	of	secondary	cell	wall	in	RN-induced	syncytium	(see	below).	Other	depleted	
genes	sets	were	mostly	identified	at	9	and	12	DAI,	including	gene	sets	associated	
cellulose	(EC:2.4.1.12,	GO:0016760,	GO:0030244,	GO:0030243,	EC:3.2.1.21,	and	
GO:0008422),	hemicellulose	(EC:3.2.1.23),	pectin	(EC:3.1.1.11,	GO:0030599,	and	
GO:0045490),	and	polysaccharide	(GO:0044036,	GO:0000271,	GO:0000272,	
GO:0042545,	GO:0005199,	and	GO:0009505),	suggesting	suppressed	cell	wall	
components	synthesis	and	metabolism	induced	by	reniform	nematode	in	infected	
upland	cotton	roots,	particularly	at	9	and	12	DAI	when	syncytium	was	expanding.	
Cell	wall-associated	genes	(Figure	3.2,	3.3	and	3.4)	
Forty-seven	cell	wall	genes	were	identified	to	be	differentially	expressed	in	RN-
infected	roots.	Among	those,	twenty	genes	were	potentially	involved	in	the	modification	
of	cell	wall	polysaccharides	(Figure	3.3),	with	only	two	up-regulated	polysaccharides	
synthetic	enzymes	(cellulose	synthase	G2,	and	xyloglucan	6-xylosyltransferase).	
Obviously,	the	majority	of	cell	wall	polysaccharides-associated	genes	were	significantly	
down-regulated.	Among	those	include	genes	involved	in	polysaccharides	1)	
biosynthesis:	such	as	cellulose	synthases	(comp124712	and	comp128851)	and	
glycosyltransferase	family	2	protein	(comp126398);	2)	degradation:	such	as	glycoside	
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hydrolase	family	9	proteins	(comp123208	and	comp125638);	and	3)	modification:	such	
as	hemicellulose	modification	and	pectin	modification	(Figure	3.3).	The	primary	walls	of	
a	wide	range	of	dicots	contain	fucosylated	xyloglucans	(XGs),	while	an	alpha-L-
fucosidase	able	to	release	the	side	chain	of	XG	oligosaccharides	(de	la	Torre	et	al.,	2002)	
was	down-regulated	in	RN-infected	roots	at	9	DAI.	Mannan	endo-1,4-beta-mannosidase	
6,	randomly	hydrolyzing	(1->4)-beta-D-mannosidic	linkages	in	mannans,	
galactomannans	and	glucomannans,	as	well	as	two	xylan	metabolic	enzymes,	
glucuronoxylan	4-O-methyltransferase	1	and	beta-D-xylosidase	5,	were	all	down-
regulated	at	3	and	9	DAI.	At	date	9,	during	the	expansion	of	syncytium	two	glycoside	
hydrolase	family	9	(GH9)	members,	with	activity	on	soluble	cellulose	derivatives	(xylan	
and	xyloglucan),	and	a	glycosyltransferase	family	2	protein,	catalyzing	the	central	
process	of	polysaccharide	synthesis	and	forming	glycosidic	bonds(Keegstra	and	Raikhel,	
2001),	were	also	repressed.	Another	six	down-regulated	genes	were	all	related	to	pectin	
metabolism,	including	a	pectate	lyase,	a	pectin	methylesterase	and	its	inhibitor	protein,	
two	pectinesterases	and	a	polygalacturonase	2.		
Besides,	twenty-five	cell	wall	protein	genes	were	also	differentially	expressed,	
with	four	up-regulated	transcripts.	Among	them,	a	wall-associated	receptor	kinase	
(comp107637),	who	potentially	functions	as	a	signaling	receptor	of	extracellular	matrix	
component,	was	up-regulated	as	early	as	3	DAI,	but	turned	off	for	the	later	dates.	The	
other	three	up-regulated	genes	include	a	structural	protein,	the	LEA	hydroxyproline-rich	
glycofamily	protein	(comp43781),	a	lipid-transfer	protein	(comp93724),	and	an	
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expansin-like	B1	(comp114670),	who	was	reported	to	be	involved	in	cell-wall	expansion.	
Other	plant	cell	wall	proteins,	including	two	hydroxyproline-rich	glycoproteins	(HRGPs)	
or	extensins,	two	arabinogalactan	proteins	(AGPs),	four	proline-rich	proteins	(PRPs),	ten	
transport	proteins,	and	other	signaling	and	modification	proteins	were	all	down-
regulated	(Figure	3.4).	Eight	of	out	nine	differentially	expressed	non-specific	lipid-
transfer	proteins	were	down-regulated,	with	three	consistently	depressed	on	all	three	
sampling	dates.	
Cell	wall	components	immunolabeling		
Xylan	is	absent	in	syncytial	cell	wall	
The	LM11	xylan	probe	binds	specifically	to	secondary	cell	walls,	which	are	found	
in	xylem	vessels	within	vascular	cylinders.	No	binding	was	observed	in	the	RN-induced	
syncytial	cell	wall	in	cotton	roots	(Figure	3.5).	Absence	of	xylan	in	RN-induced	syntyial	
cell	wall	agrees	to	previous	reports	in	immunolabeling	of	CN-induced	syncytium	(Davies	
et	al.,	2012;	Zhang	et	al.,	2017),	indicating	that	the	thickening	of	syncytial	cell	wall	does	
not	result	in	secondary	cell	wall	growth.	To	aid	orientation	within	in	stele,	overlapped	
channels	for	Calcofluor-White	and	LM11	fluorescence	image	was	shown	in	Figure	3.5,	
and	this	approach	is	used	in	subsequent	figures.	Control	result	without	primary	
antibodies	was	shown	in	Figure	3.6.	
Low	xyloglucan	is	detected	in	outer	syncytial	cell	wall	
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The	distribution	of	XXXG	type	xyloglucan	was	revealed	by	probe	LM15.	In	RN-
infected	cotton	roots,	xyloglucan	epitope	was	only	detected	in	sections	following	
enzymatic	removal	of	pectic	HG	(Figure	3.7),	indicating	xyloglucan	is	effectively	masked	
from	antibody	access	in	syncytial	cell	walls,	similar	to	previous	reports	(Davies	et	al.,	
2012;	Marcus	et	al.,	2008;	Zhang	et	al.,	2017).	Strong	fluorescence	was	detected	in	
phloem,	and	unmodified	pericycle	cells,	while	weak	fluorescence	was	detected	in	xylem	
and	outer	syncytial	cell	walls	(Figure	3.7a	and	b).	
Highly	methyl-esterified	pectic	HG	is	not	uniformly	distributed	in	syncytial	cell	wall	
The	presence	of	pectic	HG,	the	major	pectic	polymer,	was	visualized	using	
monoclonal	antibodies	LM19	and	LM20,	directing	toward	low/non	methyl-esterified	HG	
and	highly	methyl-esterified	HG,	respectively	(Figure	3.8	and	3.9).	Sodium	carbonate	
incubation	was	performed	to	remove	methyl	esters	from	HG	(Marcus	et	al.,	2008;	
Verhertbruggen	et	al.,	2009).	LM19	only	bound	effectively	following	NaCO3	pre-
treatment	(Figure	3.8a),	whereas	LM20	bond	strong	to	the	stele	even	without	pre-
treatment	(Figure	3.9a),	indicating	high	level	of	methyl	esterification	in	RN-induced	
syncytium.	After	NaCO3	pre-treatment,	significantly	higher	LM19	was	detected	in	
syncytial	cell	wall	than	unmodified	pericycle	cell	wall	(Figure	3.8d),	but	no	difference	in	
mean	fluorescence	intensity	was	observed	in	LM20	fluorescence	between	syncytial	cells	
and	unmodified	pericycle	cells	(Figure	3.9d).	However,	LM20	fluorescence	condensed	on	
cell	walls	facing	root	center;	weak	fluorescence	was	observed	in	cell	walls	near	to	
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nematode	head	as	a	dotted	line	(Figure	3.9b).	Those	results	indicate	the	level	of	highly	
methyl-esterified	pectic	HG	was	not	uniformly	distribute	in	syncytium,	with	less	
observed	in	outer	syncytial	cell	wall.	Besides,	the	level	of	petic	HG	might	be	a	key	
difference	after	a	pericycle	cell	being	cooperated	into	a	syncytium.		
DISCUSSION	
Differential	expression	analysis	and	gene	set	enrichment	analysis	indicate	that	
reniform	nematode	parasitism	altered	expression	of	host	plant	cell	wall	genes	to	induce	
the	development	of	syncytium	in	upland	cotton	roots.	Numerous	cell	wall-associated	
genes	and	gene	sets	were	significantly	down-regulated	or	depleted	across	the	time	
course,	respectively.	The	in	situ	analyses	revealed	the	unique	pattern	of	cell	wall	
components	in	RN-induced	syncytium	as	compared	to	other	nematode	feeding	sites:	
Cellulose	synthesis	was	significantly	depleted	in	RN-infected	roots	
Cellulose	is	the	major	structural	component	of	both	primary	and	secondary	cell	
walls	as	a	linear	polymer	of	1,4-beta-glucans,	building	up	a	strong	paracrystalline	
microfibrils	(Hudson,	2009;	Keegstra,	2010;	Richmond	and	Somerville,	2000).	Depletion	
of	three	cellulose	synthetic	gene	sets	and	one	cellulose	metabolic	gene	set	indicated	the	
reduced	cellulose	synthesis	in	RN-infected	cotton	roots	(Figure	3.1).	Members	of	the	
cellulose	synthase	(CesA)	gene	family	are	primarily	responsible	for	cellulose	anabolism	
(Pear	et	al.,	1996).	Using	various	mutants,	multiple	cellulose	synthase	catalytic	subunits	
were	identified	and	confirmed	with	their	significance	in	the	formation	of	plant	cell	wall	
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(Richmond	and	Somerville,	2000;	Tanaka	et	al.,	2003;	Taylor	et	al.,	2000).	In	virus-
induced	silenced	tobacco,	plants	with	CesA	cDNA	fragment	insertions	showed	a	loss	of	
cell	wall	cellulose	(Burton	et	al.,	2000).	In	CN-infected	soybean,	two	CesAs	were	down-
regulated	at	all	examined	developmental	stages	(Szakasits	et	al.,	2009),	similar	to	the	
down-regulated	CesA	and	CesA	catalytic	subunit	in	RN-infected	cotton	roots.	However,	
in	RKN-infected	Arabidopsis,	CesA	genes	related	to	both	primary	and	secondary	cell	wall	
were	induced,	but	at	different	locations	(Hudson,	2009).	With	no	secondary	cell	wall	
was	detected	in	RN-infected	root	section,	suggesting	that	the	up-regulation	of	cellulose	
synthase	G2	at	12	DAI	possibly	not	related	to	secondary	cell	wall	growth.		
Xyloglucan	is	not	the	major	non-cellulosic	polymer	in	RN-induced	syncytium	
In	many	dicotyledonous	plants,	xyloglucan	(XG)	is	the	most	abundant	
hemicellulose,	making	up	about	20-25%	(dry	weight)	of	the	primary	cell	wall	(Fry	and	
Miller,	1989;	McNeil	et	al.,	1984;	Scheller	and	Ulvskov,	2010).	Metabolism	of	XG	usually	
involved	XG	transglycosylases	(XETs)	and	XG	endotransglycosylases	(EXGTs)	(Nishitani	
and	Tominaga,	1992;	Smith	and	Fry,	1991).	XG	can	form	cross-links	between	cellulose	
microfibrils,	or	pectin,	functioning	as	the	main	load-bearing	component	of	the	primary	
cell	wall	(Hayashi,	1989;	Pauly	et	al.,	1999;	Somerville	et	al.,	2004).	Degradation	of	those	
tethers	contributes	to	the	cell	wall	loosen	(Zhang	et	al.,	2017).	In	Arabidopsis,	CN	
parasitism	suppressed	the	expression	of	EXGT-related	protein	7	(XTR7),	XTR8,	XTR9,	and	
At5g57530,	whereas	XTR6	was	strongly	up-regulated	(Szakasits	et	al.,	2009).	While	
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under	RKN	infection,	one	XET	was	up-regulated	and	the	other	was	down-regulated	
(Jammes	et	al.,	2005).	In	Arabidopsis,	seven	genes	encode	putative	XG	
xylosyltransferase	(XXT),	among	which,	two	XXTs	are	capable	to	form	XG	from	
appropriate	substrates	in	vitro	(Cavalier	and	Keegstra,	2006;	Faik	et	al.,	2000;	Fauré	et	
al.,	2007).	RN	infection	suppressed	the	expression	of	both	XET	and	EXGT	at	9	and	12	DAI	
(Figure	3.3),	possibly	resulting	in	weak	detection	of	XG	in	outer	syncytial	cell	wall	(Figure	
3.7a	and	b).		
Though	XG	chains	can	cross-link	microfibrils	and	reinforce	the	cell	wall,	in	the	
absence	of	the	cellulose-XG	network,	pectate	cross-links	play	a	major	load-bearing	role	
(Chanliaud	et	al.,	2004;	Höfte	et	al.,	2012;	Shedletzky	et	al.,	1990).	The	enzymes	
responsible	for	XG	cleavage	include	cellulase	(such	as	beta-1,4-endoglucanase)	and	
EXGT.	In	reniform	nematode,	fourteen	plant	parasitic	nematode	genes	critical	to	
modification	of	plant	cell	walls	identified	include	seven	beta-1,4-endoglucanases	
(EGases)	(Nyaku	et	al.,	2013).	While	in	CN	nematode	secretion,	immunolocalization	of	
EGases	was	only	detected	in	root	cortical	during	nematode	migration,	but	not	in	
developing	syncytia	(Goellner	et	al.,	2001).	In	RN-infected	cotton	roots,	low	XG	was	
detected	in	syncytial	cell	wall,	indicating	LM15-directed	XXXG	type	XG	is	not	the	major	
non-cellulosic	polymer	as	in	CN-induced	syncytia	(Zhang	et	al.,	2017).	The	modification	
of	XG	potentially	results	in	both	manipulation	of	cotton	root	genes	and	involvement	of	
RN	parasitism	genes.	However,	our	knowledge	about	the	involvement	of	xyloglucan	
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transferases	in	the	induction	and	maintanence	of	nematode	feeding	sites	is	still	
fragmentary	(Ithal	et	al.,	2007;	Jammes	et	al.,	2005;	Puthoff	et	al.,	2003).		
Pectin	HG	is	highly	methyl-esterified	but	unevenly	distributed	in	syncytium	
Pectin	is	another	important	component	of	both	plant	cell	wall	and	middle	
lamella.	It	can	be	broken	down	by	pectin	lyase,	pectate	lyase,	pectinesterase,	and	pectin	
methylesterase	(PME).	Pectin	methylesterases	and	pectinesterases	catalyze	de-
methylesterification	and	de-esterification	of	cell	wall	polygalacturonans,	respectively,	
while	pectate	lyases	cleave	de-esterified	pectins	(Louvet	et	al.,	2006;	Micheli,	2001).	In	
plants,	PME	activity	is	regulated	by	endogenous	PME	inhibitor	(PMEI)	proteins	(Juge,	
2006).	Down-regulations	of	above	transcripts	either	contribute	or	indicate	the	high	level	
of	methylesterification	of	RN-infected	cotton	roots,	which	agrees	to	the	immunolabeling	
results	(Figure	3.8	and	3.9).	Our	result	was	consistent	to	the	high	level	of	methyl-
esterification	detected	in	CN-infected	Arabidopsis,	soybean,	and	potato	roots	(Davies	et	
al.,	2012;	Zhang	et	al.,	2017).	Likewise,	in	CN-infected	Arabidopsis,	down-regulation	of	
PME	like-enzyme,	differential	expression	of	pectate	lyases	and	pectin	esterases,	were	
observed	(Ithal	et	al.,	2007;	Jammes	et	al.,	2005;	Szakasits	et	al.,	2009).	However,	
fluorescence	of	LM20-directed	highly	methyl-esterified	pectic	HG	in	RN-induced	
syncytium	was	not	evenly	distributed	(Figure	3.9).	Highly	methyl-esterified	HG	epitopes	
seem	to	be	associated	with	extensible	walls,	and	enriched	in	actively	growing	parts	
(Derbyshire	et	al.,	2007;	Domozych	et	al.,	2007;	Eder	and	Lütz-Meindl,	2008;	Jiang	et	al.,	
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2005).	In	RN-induced	syncytium,	outer	cell	wall,	who	was	modified	initially,	might	be	
less	extensible	and	relative	less	active	in	cell	growth;	inner	cell	walls	from	cells	who	
were	incorporated	later	possibly	function	more	active	in	syncytium	establishment	and	
are	more	extensible.	What	is	more	interesting	is,	where	less	highly	methyl-esterified	HG	
was	detected	overlaps	where	more	XG	was	captured	(Figure	3.7	and	3.9).	This	result	
indicates	that,	in	RN-induced	syncytium,	pectate	cross-links,	instead	of	cellulose-XG	
network,	possibly	play	a	more	important	role	in	load-bearing.		
Modifications	in	cell	wall	protein-associated	genes	
Except	host	plant	genes	associated	with	polysaccharides	modification,	other	
genes	involved	in	plant	cell	wall	protein	modification	were	also	manipulated.	For	
example:	extensin	is	one	of	the	important	structural	proteins	of	plant	cell	wall.	The	
cross-linking	between	extensin	and	other	wall	components	builds	up	integrity	and	
rigidity	during	cell	wall	development	(Brady	and	Fry,	1997;	MacDougall	et	al.,	2001;	Qi	et	
al.,	1995),	resulting	in	the	physical	barrier	under	stress	and	pathogen	infection	(García-
Muniz	et	al.,	1998;	Kawalleck	et	al.,	1995;	Merkouropoulos	et	al.,	1999;	Yoshiba	et	al.,	
2001).	The	extensin-2	was	discovered	from	carrot	cell	walls	in	1987	and	expressed	
coordinately	with	extensin-1	to	achieve	the	intermolecular	cross-linking	with	tyrosine	
residues	(Stafstrom	and	Staehelin,	1986).	Leucine-rich	repeat	extensins	(LRX)	are	
chimeric	extensin	proteins	with	leucine-rich	repeat	(LRR),	forming	a	family	of	structural	
cell	wall	proteins	containing	a	receptor-like	domain	(Baumberger	et	al.,	2001,	2003).	
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LRRs	are	usually	mediated	protein-protein	interactions	(Jones	and	Jones,	1997;	Kobe	
and	Deisenhofer,	1995),	with	the	exclusive	location	of	LRX	in	Arabidopsis	root	hair	cell	
wall,	which	may	indicate	LRX’s	function	in	signaling	of	plant	cell	wall	modification	under	
pathogen	attacks	(Baumberger	et	al.,	2003).	The	repression	of	extensin	genes	was	also	
detected	in	the	soybean	syncytial	cells	induced	by	soybean	CN	(Ithal	et	al.,	2007).	
Moreover,	in	resistant	soybean	with	rhg1	locus,	extensin	was	identified	as	one	of	the	
genes	characteristically	expressed	in	syncytia	after	inoculation	with	soybean	cyst	
nematode	(Matsye	et	al.,	2011).Tobacco	Class	III	pistil-specific	extensin-like	proteins	was	
proved	to	have	both	extensin-	and	AGP-like	properties	(Bosch	et	al.,	2001).	Under	
soybean	cyst	nematode	infection,	some	member	of	AGP	was	not	detected	in	the	
Arabidopsis	syncytial	cell	walls	architecture	(Davies	et	al.,	2012),	agreeing	to	the	down-
regulation	of	AGP	proteins	in	RN-infected	cotton	roots.	However,	only	based	on	
expression	profiles	from	transcriptome,	detailed	involvements	of	cell	wall	protein-
associated	genes	are	hard	to	conclude.		
CONCLUSION	
This	study	provides	insights	into	upland	cotton	cell	wall	genes	and	gene	sets	who	
have	been	manipulated	by	RNs	during	nematode	parasitism.	Forty-seven	genes	and	30	
gene	sets	were	reported	to	be	involved	in	cotton	cell	wall	modifications	responding	to	
RN	infection.	Fluorescence	images	revealed	the	distribution	of	xylan,	xyloglucan,	and	
pectic	homogalacturonan	in	reniform	nematode-infected	cotton	roots,	which	differs	
from	observations	in	cyst	nematode-induced	syncytium.	Transcriptomic	data	together	
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with	immunolabeling	confirmed	unique	manipulations	of	plant	cell	wall	genes	induced	
by	reniform	nematode	in	upland	cotton	roots.		
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Figure	3.1	Enriched	and	depleted	genes	sets	associated	with	cell	wall	synthesis,	modification,	
and	degradation	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	
Positive	or	negative	GSEA	normalized	enrichment	scores	(NES)	indicate	genes	sets	enriched	or	
depleted	in	infected	roots,	respectively.	Black	bars	indicate	significant	enrichment	or	depletion	
(FDR=0.05);	grey	bars	indicate	non-significant	differences.	DAI:	Days	after	inoculation.	
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Figure	3.2	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
lignin	modification	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	
correspond	to	Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	
Log2FC:	Log2FoldChange.	
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Figure	3.3	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
polysaccharide	modification	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	
correspond	to	Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	
Log2FC:	Log2FoldChange.	
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Figure	3.4	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	cell	
wall	protein	modification	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	
correspond	to	Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	
Log2FC:	Log2FoldChange.	
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Figure	3.5	Immuolabeling	of	cotton	xylem	vessels	in	syncytium	sections.	The	LM11	antibodies	
bind	specifically	to	xylem	vessels	(a).	To	distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-
White	images	and	LM11	antibody	staining	images	were	merged	(b).	Syncytial	cells	were	outlined	
with	grey	curve.		
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Figure	3.6	Immuolabeling	of	syncytium	sections	without	primary	antibodies.	No	fluorescence	
was	detected	without	primary	antibodies	(a).	Calcofluor-White	images	were	merged	(b).	
Syncytial	cells	were	outlined	with	grey	curve.	
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Figure	3.7	Immuolabeling	of	xyloglucan	in	syncytium	sections.	The	LM15	antibodies	bind	
specifically	to	xyloglucan	after	pectate	lyase	(PL)	treatment	(a).	Dotted	line	of	xyloglucan	under	
increased	magnification	of	the	syncytium	(outer	syncytial	cell	walls)	was	shown	in	b.	To	
distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-White	images	and	LM15	antibody	
staining	images	were	merged	(c).	Sections	without	pectate	lyase	treatment	was	shown	in	d.	
Syncytial	cells	were	outlined	with	grey	curve.		
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Figure	3.8	Immuolabeling	of	low/non	methyl-esterified	pectic	homogalacturonan	(HG)	in	
syncytium	sections.	The	LM19	antibodies	bind	specifically	to	unesterified	HG	before	(a)	and	
after	(b)	NaCO3	pre-treatment.	To	distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-
White	images	and	LM19	antibody	staining	images	were	merged	(c).	Syncytial	cells	were	outlined	
with	grey	curve.	Quantitative	fulorescence	analysis	of	LM19	in	syncytium	section	was	shown	in	
d.	
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Figure	3.9	Immuolabelling	of	highly	methyl-esterified	pectic	homogalacturonan	(HG)	in	
syncytium	sections.	The	LM20	antibodies	bind	specifically	to	highly	methyl-esterified	HG	(a).	
Dotted	line	of	methyl-esterified	HG	under	increased	magnification	of	the	syncytium	(outer	
syncytial	cell	walls)	was	shown	in	b.	To	distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-
White	images	and	LM19	antibody	staining	images	were	merged	(c).	Syncytial	cells	were	outlined	
with	grey	curve.	Quantitative	fulorescence	analysis	of	LM19	in	syncytium	section	was	shown	in	
d.
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Appendix	A	
Additional	File	1_GSEA_gene	sets.xlsx	(https://tinyurl.com/ycyqrlgx).	
A	custom	GSEA	database	of	954	gene	sets,	each	containing	at	least	15	genes,	was	created	from	
GO	terms	and	enzyme	code	annotations	of	the	cotton	root	transcriptome.	
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Appendix	B	
Additional	File	2_	Cotton_Root_Transcriptome.fasta.zip.	(https://tinyurl.com/ybwpl3kn)	
De	novo	assembled	complete	cotton	root	protein-coding	transcriptome.	Raw	data	were	
uploaded	to	NCBI	with	project	accesstion	ID	as	PRJNA269348.		
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Appendix	C	
Additional	File	3_Gene_annotations.txt.	(https://tinyurl.com/yb3etjqy)	
Annotation	results	for	each	unique	cotton	protein-coding	genes.	
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Appendix	D	
Additional	File	4_DE_Genes.xlsx.	(https://tinyurl.com/y86yjhkx)	
Expression	data	for	all	differentially-expressed	(DE)	genes	on	all	dates.	
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Appendix	E	
Additional	File	5_GSEA_NES_scores.xlsx.	(https://tinyurl.com/ybqawpyu)	
Normalized	enrichment	scores	(NESs)	for	all	gene	sets	on	all	dates.	Bold	indicates	significant	
enrichment	or	depletion.		
	
	
	
	
	
	
	
	
	
	
